Abstract. Nitrate reductase activity in barley (Hordeum vulgare L. cv. Himalaya) aleurone layers has been determined in the intact tissue, using two different methods. The first method measures the rate of appearance of H2180 produced during the reduction of KN1803. The second assay measures excreted nitrite resulting from nitrate reduction under anaerobic conditions. Nitrite production in this anaerobic, intact-tissue assay was dependent upon the presence of phosphate (pH 7.5) and was increased by ethanol and bisulfite.
It is important to know if enzyme activities observed in cell-free extracts are representative of those which occur in the intact cell or tissue. For nitrate reductase, we have been able to measure its intracellular activity by two different methods, and to compare them with enzyme activity determined in cell-free extracts.
The first method is based on the use of KN1803 as substrate for nitrate reductase, the rationale of which is as follows. The reduction of nitrate to ammonia is believed to occur via a pathway consisting of four reactions:' (NR) 
KN18031--N18O2--[HN180]--[NH2180H]--)fNH4+
+ + + H2180 H2180 H2180
In the first and probably the rate limiting-step in the pathway, nitrate is reduced to nitrite by nitrate reductase. This reaction involves the release of one 180 atom as H2180. The products of nitrite reduction are not known exactly, but the second and third oxygens of nitrate are released during the final two or three steps of the pathway, or perhaps by nonenzymatic exchange of the N1802-, [HN180] and [NH2180H] oxygens with oxygens of water. The oxygen atoms of KN 1803 have a very low exchange rate with water (half life measured in years) at all pH values; however, those of nitrite exchange rapidly at low pH values. Thus, one-third of the 180 released as water during the reduction of nitrate to ammonia is indicative of the in vivo activity of nitrate reductase. This is true whether the oxygens are enzymatically released from the nitrogen atom, as indicated in the above equation, or in the nonenzymatic exchange with cellular water at the nitrite, or latter, stages of reduction. Thus, the method measures the amount of enzyme involved in nitrate reduction-not necessarily total enzyme levels-in the presence of nitrate only, without addition of any other exogenous materials and under natural (aerobic) conditions. The second, more rapid intact-tissue assay, is based on the observation2 that under anaerobic conditions nitrite resulting from nitrate reduction is excreted from the tissue. The method differs from the KN1803 assay in that assay conditions (anaerobiosis and high phosphate concentrations) are not normally what one might expect in situ. Nevertheless, it appears that this second assay technique will be especially useful as a rapid method for studying total levels of nitrate reductase in different biological materials and studying the factors which control the cellular activity of this enzyme.
Barley aleurone layers develop nitrate reductase activity upon exposure to nitrate.' We have used isolated aleurone layers to compare nitrate reductase activity of cell-free extracts to enzyme activity observed in the two intacttissue assays.
Materials and Methods. The procedure used to prepare aleurone layers was similar to that described by Chrispeels and Varner.4 Barley seeds (Hordeum vulgare L. cv. Himalaya) were cut in half, the embryoless halves were imbibed on moist sand, and after 4 to 5 days, the aleurone layers were removed.
Nitrate reductase was induced at 23CC under aseptic conditions in either of two ways: (2) For the anaerobic intact-tissue assay, nitrate reductase was induced by placing 40-50 aleurone layers and two drops of chloramphenicol (0.5 mg/ml) in a 50-ml Erlenmeyer flask containing 5 ml of sterilized 0.05 31 KNO3. The flasks were stoppered with cotton plugs and placed in a metabolic shaker set at 200 rpm. After 2 to 3 hr of induc-tion the tissue was rinsed with approximately 20 ml of 0.05 M KNO3, and the effect of various conditions on enzyme activity during the assay was determined. The intacttissue assay media contained in 2 ml: 10 aleurone layers, 0.1 M phosphate buffer (pH 7.5), 0.02 M KNO3, and treatment solution as indicated in the text. To start the assay, the reaction mixture, contained in a 25-ml Erlenmeyer flask, was de-aerated by bubbling nitrogen gas through the medium for 1 min, and then stoppered. Nitrite in the media was determined at zero time and after 20 or 30 min of incubation, by adding aliquots to 0.3 ml each of 1% sulfanilamide in 3 N HCl and 0.02% N-1-naphthylethylenediamine dihydrochloride. Optical density at 540 nm was measured after centrifuging at 2000 X g for 10 min.
Cell-free activity of nitrate reductase was determined as described previously.3 Oxygen uptake was measured polarographically with a Clark oxygen electrode. The 2.7-ml reaction media contained 0.02 M KNO3, 0.1 M phosphate buffer, 10 aleurone layers, and the test substance dissolved in ethanol. Pure ethanol was added to controls.
Results. Comparison of nitrate reduction rates in the intact-tissue and cellfree assays: Enzyme activities as determined by the standard cell-free assay, the anaerobic intact-tissue assay, and the KN18O3 in vivo assay are shown in Table 1 . Nitrate reductase induced under exactly the same conditions shows 6 and 2.5 times more activity in the cell-free and anerobic intact-tissue methods, respectively, than in the KN1803 in vivo assay. In an attempt to determine what factor was limiting the rate of nitrate reduction in the intact-tissue, nitrate-induced aleurone layers were assayed in the same medium as used in the cell-free assay. For this, the layers were placed in 2 ml of media containing flavin mononucleotide (FMN), Na2S204, KNO3, and phosphate buffer. The reaction was run in the presence of nitrogen to prevent oxidation of the Na2S204 by air. Under these conditions nitrite was released from the tissue, and the amount of nitrate reductase activity estimated by removing aliquots of the reaction medium after a suitable time period and analyzing for nitrite. Enzyme activity in the complete system, and its dependence on each of the reaction components is shown in Table 2 . Nitrate reduction in the intact layers in the presence of Na2S204, FMN, and inorganic phosphate was greater than in the KN1803 in vivo assay, but still only approximately one-third the rates observed in the cell-free assay.
Effect of arsenate, ethanol, antimycin A, and HOQNOt on nitrate reduction in the anaerobic intact-tissue assay: From the results presented in Table 2 it seemed that phosphate in some way limits nitrate reduction in the tissue under anaerobic conditions. Though it is less effective, arsenate can substitute for phosphate in enhancing nitrate reduction (Table 3) . In later experiments, Tris buffer was also found to be effective; therefore, it is not possible to decide whether the enzyme's response to these compounds is a nonspecific ion or pH effect. Ethanol also enhanced nitrate reduction in the anaerobic intact-tissue assay (Fig. 1) ited oxygen uptake (Table 5 ).
The reduction of nitrate under anaerobic conditions and the excretion of the reduced product, nitrite, resembles "nitrate respiration" as described for bacteria5 and reported to occur in Vigna sesquipedaxis cotyledons.2 For this reason the effect of some respiratory inhibitors on nitrate reduction was determined. Both antimycin A and HOQNO, at concentrations which strongly inhibit oxygen uptake (Table 5) , had negligible effects on the anaerobic reduction of nitrate (Figs. 2 and 3) . However, under aerobic conditions, both these chemicals caused nitrite to be excreted from the tissue (Figs. 2 and 3) . The HOQNO and antimycin A effect was not observed with noninduced tissue, and was phosphate dependent. The rate of the aerobic HOQNO-induced nitrite release is nearly identical to that observed under anaerobic conditions (Fig. 2) . In the presence of antimycin A, the rate of nitrite release begins to approach rates observed under anaerobic conditions only after a lag of approximately 10 to 15 minutes (Fig. 3) . This is consistent with the effect of antimycin A on oxygen uptake: a 15-minute preincubation period is required before oxygen uptake is inhibited 70 per cent (Table 5) .
Induction kinetics of nitrate reductase: Figure 4 compares the kinetics of nitrate reductase induction as determined by the intact-tissue and the cell-free assay methods. Included in this figure, for purposes of comparison, is a plot of enzyme activity determined by the anaerobic intact-tissue method in the presence of ethanol. Nitrate reductase activity determined by the KN1803 assay yields the lowest values of nitrate reduction and is thought to be a correct measure of the rate of nitrate reduction in unmolested tissue. In the anaerobic intacttissue assay, greater rates of nitrate reduction are observed, but enzyme activity still falls short of that observed in cell-free extracts. However, addition of ethanol to the anaerobic assay medium causes the rate of nitrate release to exceed nitrite production in cell-free extracts, and is believed to most closely represent total enzyme levels. Decay kinetics of nitrate reductase: Induction and decay of nitrate reductase activity has been determined using the anaerobic intact-tissue assay to measure enzyme activity (Fig. 5) . The assay was performed in the presence of 5 per cent ethanol. Only a brief exposure to 0.05 M nitrate is required to induce enzyme activity. The rate of nitrite release begins to decrease 3 hours after nitrate treatment, but there is still measurable nitrate reductase activity after 22 hours. The enzyme activity induced as described in Figure 5 was inhibited 90 per cent by cycloheximide (10 ,g/ml) and 20 per cent by 6-methylpurine (2 X' 10-i M)
after three-hour induction (both chemicals were present throughout the threehour incubation period). These kinetic and inhibitor data provide evidence that the ethanol effect is physiological and not a nonenzymatic reduction of nitrate. This experiment also demonstrates the usefulness of the anaerobic intact-tissue assay as a convenient and rapid measure of nitrate reductase activity in plant tissue.
Discussion. A comparison of nitrate reduction rates in the cell-free and in the KN103 in vivo assay methods indicates that only a small fraction of the total enzyme activity induced in response to nitrate is functioning in the tissue. The low in vivo activity is not due to an isotope effect since nitrate reductase induced and assayed in either KN1803 or KN1603 (Table 6) showed similar rates of nitrate reduction in the anaerobic intact-tissue assay. The dependence of this latter assay upon phosphate, and the effect of ethanol, suggests that these compounds may, under certain conditions, be involved in the in vivo controls of nitrate reduction. For example, phosphate might act indirectly by overcoming the limitation of
